Early life stress (ELS) in the form of adverse care from parents and other caregivers increases the risk of psychopathology, particularly disorders of emotion and attention regulation (Kreppner et al., 2001; Provence and Lipton, 1962; Rogosch and Cicchetti, 2005; Roy et al., 2004; Shields et al., 1994; Stevens et al., 2008) . While numerous studies document these increased risks, we have only a limited understanding of the psychobiological processes underlying them. Beginning with the pioneering work of Seymour Levine (e.g. Levine, 1957) , animal models have provided Neuroscience and Biobehavioral Reviews 34 (2010) Children who spend early portions of their lives in institutions or those maltreated in their families of origin are at risk for developing emotional and behavioral problems reflecting disorders of emotion and attention regulation. Animal models may help explicate the mechanisms producing these effects. Despite the value of the animal models, many questions remain in using the animal data to guide studies of human development. In 1999, the National Institute of Mental Health in the United States funded a research network to address unresolved issues and enhance translation of basic animal early experience research to application in child research. Professor Seymour Levine was both the inspiration for and an active member of this research network until his death in October of 2007. This review pays tribute to his legacy by outlining the conceptual model which is now guiding our research studies.
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insight into the mechanisms through which ELS alters the development of stress-and threat-response systems (De Kloet et al., 1988; Heim et al., 2004; Meaney and Szyf, 2005; Sanchez et al., 2001 ). Animal models also provide evidence that alterations in stress-and threat-response systems may compromise the development of emotion-and attention-regulatory systems (Brake et al., 2004; Vedhara et al., 2000) . These animal data have often been used to explain the heightened risk of behavioral and affective disorders in human children exposed to ELS (e.g. Heim and Nemeroff, 2001; Nemeroff, 2004) . Nonetheless, the bridge between the animal studies and human development is still more hypothetical than empirically grounded (Bremner and Vermetten, 2001) . Integration of the animal and human research requires a conceptual model that is general enough to apply across species, but specific enough to guide empirical investigations that allow studies of children to inform animal models and in turn allow animal model research to impact the design and interpretation of human developmental research. This paper describes the conceptual model developed by the Early Experience, Stress, and Neurobehavioral Development Research Network. This network is composed of basic researchers studying the neurobiological processes involved in transducing the effects of ELS in rodent and non-human primates, researchers studying human development, and prevention science researchers designing and examining early interventions. The work of first the network, and now the Center, was inspired by Seymour (Gig) Levine's pioneering ''early handling'' research. Over the course of over half a century, Dr. Levine established a rich body of research on the role of early experience in the development of stress-and threat-regulatory systems. From its inception, he interpreted his animal model work as relevant to our understanding of human development, particularly the development of depression and anxiety disorders.
When the opportunity arose to establish an NIMH-network, Dr. Levine was one of the first to champion the effort. At our first meeting, he gave a tour-de-force lecture reviewing the history of early experience stress research and noting how at each turn, new methods gave opportunities to understand early experience effects at more molecular levels of analysis, while also arguing that developmental science, as a field, has continued to move between describing early experiences as producing permanent (defining) effects on development to describing them as being of little import, being completely modifiable by later experiences. The tension between these extreme positions became a common theme for our network, and now our center, as we move forward to understand both how ELS impact the developing organism and how best to intervene to support optimal development for children exposed to ELS during their earliest years.
Conceptualizing early life stress
There is no agreed upon definition of ELS; indeed, there is considerable controversy about the definition of stress more generally (Levine and Ursin, 1991) . Our research network adopted a working definition of ELS based on the following arguments. Stressors are events or conditions that threaten, or are perceived to threaten, physiological equilibrium (Weinstock, 2005) . Stress responses involve activity in the central nervous system to mobilize endocrine, autonomic, and behavior systems to support protection from and/or adaptation to threat. Recently the concept of allostasis has been introduced to describe the dynamic interaction of multiple systems of equilibrium maintenance (McEwen, 1998 (McEwen, , 2003 . ELS or early life allostasis refers to responses to stressors experienced during pre-pubertal development. While acknowledging that ELS can involve physical stressors, we chose to focus on adverse caregiving in order to ground our work in the early experience animal data. Furthermore, we focused on stressors experienced during the first years of life when the child is nearly wholly dependent on caregivers for its survival.
Although the early experience animal data have been used to explain the sequelae of childhood physical and sexual abuse (e.g. Heim and Nemeroff, 2001) , the animal models rest heavily on the lack or loss of expectable parental care. These models more closely approximate human conditions of deprivation and neglect than those of physical or sexual abuse. However, while animal models can be designed to focus on circumscribed types of ELS, human ELS is messier. Studies of children in the child welfare system, for example, note that it is rare to find children exposed to only one type of maltreatment. Especially for children under the age of five, physical and/or sexual abuse is typically accompanied by neglect, with neglect constituting the most frequent form of maltreatment for young children (chapter 5 in Barnett et al., 2005) . Consistent with the human data, even in non-human primates, physical abuse tends to co-occur with high rates of maternal rejection and failure to protect the infant (McCormack et al., 2006) . Moreover, when both the frequency of physical abuse and rejection are used to predict the lower levels of CSF serotonin concentrations noted among abused Rhesus infants, the results indicate that it is neglect/rejection that predicts this neurobiological effect (Maestripieri et al., 2006a,b) . Among young children placed in foster care because of maltreatment, markedly atypical cortisol diurnal rhythms are associated with the child's history of severe neglect, as compared to physical or sexual abuse (Bruce et al., 2009a) , with similar findings noted for children living within the markedly deprived conditions of an institution (e.g. orphanage; Carlson and Earls, 1997) . These findings, plus the prominence of deprivation/disruption of parental care in the early experience rodent models, led our network to focus on variations in the amount and quality of parental care in conceptualizing ELS. This is not to say that physical abuse or commission of harm does not have an impact on development; however, these effects are likely more related to trauma (see Yehuda and LeDoux, 2007) . Therefore, in our work on ELS, we have chosen to focus on the loss or lack of typical parental care.
This focus is consistent with Levine's (2005) argument that lack or loss of species typical parental stimulation is among the most potent stressors early in life. A focus on deprivation or loss as a potent stressor is consistent with Hofer's (1994) concept of hidden regulators embedded in parent-offspring relationships. He has argued that a number of sensorimotor, thermal, and nutrient-based events that are components of typical parentoffspring interactions have long-term regulatory effects on specific components of infant behavior and physiology. Loss of these hidden regulators results in wide-spread dysregulation of physiological and behavioral responses during development resulting in disturbances in circadian rhythms, growth (including brain growth factors, e.g. Cirulli et al., 2000) and hormone levels (including activity of the hypothalamic-pituitary-adrenocortical [HPA] axis, e.g. Rosenfeld et al., 1992) . Animal studies also point to circuits involved in threat-and stress-system functioning as particularly sensitive to disturbances in parental nurturance (see review, Sanchez et al., 2001) . Importantly, though, recent rodent studies also indicate that later interventions may help ameliorate some (but not all) of the impact of poor early nurturance (Bredy et al., 2003; Francis et al., 2002) . These findings along with our interest in translating basic research to treatments led our network to give equal consideration to both the impacts of disturbances in early parental care and possibility that improvement in care might support recovery from ELS.
Early life stress model
As pictured in Fig. 1 , this model notes that caregiving experienced early in life regulates the activity of critical stresssensitive systems, which in turn influence the development of systems involved in rapid appraisal and response to threat. Low parental nurturance results in chronic stress to the infant. This biases the developing threat system to rapidly orchestrate larger defense responses (fight/flight/freeze). Overactivity of both stressand threat-response systems may then impact the development of prefrontal regulatory systems, hence increasing the risk for both attention-and emotion-regulatory problems. The neural systems that orchestrate endocrine, autonomic, and behavioral rapid defense responses are expected to be plastic during early childhood. If the child's care improves, stress-and threat-systems have the possibility to re-organize in order to become less reactive and more modulated. However, children exposed to particularly severe and prolonged inadequate nurturance may be less capable of reorganizing with improved care and this, in turn, may make it difficult for caregivers to sustain appropriate responsiveness to the child's needs. One hypothesis is that re-organization of the stressand threat-response systems requires that the child experience safety in his or her world. In early development, this requires that the child develop a relationship with a consistently responsive, caring adult. Therefore, this model also offers suggestions for intervention efforts. Furthermore, while this model may apply to most children (and to most developing mammals), vulnerability to early adverse care and recovery in response to improved care are expected to be influenced by the genetic differences among individuals.
Stress-response system
As noted above, the biology of stress involves the interaction of multiple systems of equilibrium maintenance (i.e. allostasis); therefore, the box within Fig. 1 labeled ''stress neurobiology'' refers conceptually to the multiple systems. However, for most of the work relevant to this discussion, this box refers to activity of the hypothalamic-pituitary-adrenocortical (HPA) axis and its neuroactive peptides and hormones. Note that the other major effector arm of the mammalian stress-system is the sympatho-adrenal system (Sapolsky et al., 2000) . Although HPA activity is sometimes measured solely as an index of stress, this neuroendocrine system has multiple effects on brain development that make it an attractive target for ELS research. Additionally, animal models that form the basis of the preclinical information on ELS began with a focus on the HPA system (see review, Levine, 2005) . Glucorticoids (GCs; cortisol in primates; corticosterone in rodents) are gene transcription factors (i.e. influence gene expression; Meijer, 2006) , that can be measured non-invasively in young children. GCs are permissive, their presence allowing or enhancing other neural, molecular, or biochemical events. Acutely elevated GCs help to terminate fight/flight physiological and behavioral responses. However, when GCs and/or CRH remain elevated for prolonged periods, this threatens neuronal viability and increases the risk of stress-related disorders (De Kloet et al., 1996; McEwen, 2000) .
GCs are produced by the adrenal cortex in response to adrenocorticotropic hormone (ACTH) from the anterior pituitary. Corticotropin-releasing hormone (CRH), produced by cells in the hypothalamus, is the main stimulus of ACTH production. Hypothalamic CRH, in turn, is regulated by neurocircuits conveying day/night information (i.e. diurnal rhythm of the HPA system) and the state of the internal and external milieu (Herman and Cullinan, 1997; Herman et al., 2002 Herman et al., , 2005 . Stressors (actual or perceived threats) initiate a cascade beginning with hypothalamic CRH release, increased pituitary ACTH secretion, and adrenal production of GCs.
Throughout this discussion, we will sometimes use the acronym L-HPA. The ''L'' in this case stands for limbic and conveys the importance of limbic system in regulation of HPA responses to psychological stressors (see review, Herman et al., 2005) . Activation of the HPA axis to psychological stressors involves the amygdala and perhaps the infralimbic cortex, while inhibition of the HPA response involves the hippocampus and medial prefrontal cortex (Diorio et al., 1993; Herman et al., 2005; Sullivan and Gratton, 2002) . These limbic sites have minimal direct projections to CRH-producing regions in the hypothalamus. Instead, they relay to these neurons via neurons in the bed nucleus of the stria terminalis and regions in the hypothalamus and brainstem that have access to hypothalamic CRH-producing neurons. The central nucleus of the amygdala also has projections to brainstem regions which activate sympatho-adrenal responses to stressors (Pitkanen et al., 1997) . Thus, HPA and sympatho-adrenal activational pathways overlap with the threat-response system described next.
While elevated GCs have become almost synonymous with ''stress,'' there is increasing evidence Gunnar and Vazquez, 2006) that chronic stress (i.e. prolonged, repeated elevations in GCs and CRH drive on the pituitary) results in hypocortisolism-specifically, low early morning levels of cortisol and blunted ACTH and cortisol responses to stressors. Notably, evidence from the rodent indicates that hyporeactivity of the HPA axis to stressors immediately following chronic stress is more often observed to psychological as opposed to systemic (e.g. viral) stressors (Ostrander et al., 2006) . This suggests the hypothesis that Fig. 1 . This represents the Center's working model. It is purposely general enough to apply to the various model systems (rodent, non-human primate, human) studied by Center faculty. The model assumes that both genes and environment will influence developing vulnerability to emotional and behavioral disorders. The partially converging arrows running from left to right are meant to suggest diminishing (but continuing) plasticity of the neurobiological systems underlying risks for emotional and behavioral disorders. The facets of neurobiology depicted in the model are the neurobiology of stress and the neurobiology of rapid threat appraisal and response, along with developing behavioral and emotional regulatory systems. Stress-and threat-response systems are depicted to the left within a larger circle to indicate their earlier emergence in development. The circular arrows connecting these two systems are meant to reflect their mutual influence on one another. Emotional and behavioral regulatory systems reflect cortico-limbic systems whose development is depicted to the right to indicate that it is somewhat later developing. The circular arrows drawn between emotional and behavioral regulatory systems and the circle containing the stress-and threatresponse systems indicate mutual influence across development. Finally, the aspect of the environment most notable to our Center's model is shown along the bottom of the figure. This is the caregiving regulatory system. The spacing of the arrows is designed to indicate that this system has more influence earlier in development, but depending on the species, may continue to play a role well for prolonged periods of the organism's life. some aspects of hypocortisolism, specifically hyporeactivity to stressors, may be organized via impacts on limbic regulatory pathways and is a signature of chronic psychosocial stress . Prolonged or repeated elevations in glucocorticoids can have opposing effects on hypothalamic (down-regulation) and extra-hypothalamic (up-regulation) CRH (see review, Rosen and Schulkin, 1998) . In addition, prolonged hypothalamic CRH drive on the pituitary can down-regulate pituitary sensitivity to ACTH. The result can be low cortisol basal production in the context of increased sensitivity of the amygdala/extended amygdala system (Yehuda, 2000) .
Hypocortisolism in the form of low early morning cortisol levels has been found in a number of studies of children who have experienced conditions of chronic deprivation and neglect (see review, Gunnar and Vazquez, 2001) . For example, a study involving infants in foster care revealed low early morning cortisol levels in these children relative to non-maltreated infants from families of similar socioeconomic standing . Even lower early morning cortisol levels and atypical patterns of cortisol production over the day have been reported for toddlers in institutional care in Romania (Carlson and Earls, 1997) . These results were similar to findings noted by both Gunnar and colleagues' small study of post-institutionalized infants assessed 2 months post-adoption (Bruce et al., 2000) and Fisher and colleagues' study of preschoolers entering a new foster placement (Bruce et al., 2009a) . In all these studies, 30-40% of the children had early morning cortisol levels that were one standard deviation or more below the mean of children who had not experienced ELS.
To date, there is little evidence that ''hypocortisolism'' patterns continue once young children are removed from ELS conditions. Indeed, there is evidence that with time in more supportive care environments, not only the typical pattern of diurnal HPA activity is observed, but also there is some evidence of elevated basal cortisol levels. This has been shown in several studies of children who spent the early portions of their lives in the depriving conditions of institutions (i.e. post-institutionalized children) prior to being adopted into supportive, well-providing homes (Wismer Fries et al., 2005; Kertes et al., 2008) . Elevated levels of basal cortisol several years post-removal from ELS conditions may be particularly likely for children who experience severe stunting in linear growth consistent with psychosocial low stature (e.g. deprivation dwarfism; Kertes et al., 2008; Gunnar et al., 2009 ). Stunting of physical growth due to early neglect may reflect chronic elevations in CRH and GCs and their impact on the growth axis (Albanese et al., 1994) . In sum, severe deprivation of early nurturance may up-regulate HPA activity even though the initial signature of chronic early deprivation or neglect may reveal itself in patterns of hypocortisolism.
Threat-response system
The pathways that activate HPA and sympatho-adrenal responses to stressors overlap extensively with pathways that orchestrate fear and other behavioral responses to threat. Nonetheless, behavioral and cardiac reactions to threat (i.e. fear grimaces, freezing, distress vocalization, elevated heart rates) can be elicited under conditions that do not increase adrenocortical or adrenomedullary activity. For this reason, although the threatresponse and stress-response systems have numerous interconnections, we choose to treat them as separate, but interconnecting systems (see Fig. 1 ). Their interconnections are reflected in the importance of CRH in both. CRH, critical in regulating activity of the HPA axis, is also synthesized and secreted in extra-hypothalamic sites. Extra-hypothalamic CRH is involved in coordinating neuroendocrine, autonomic, and behavioral responses to threat (Brunson et al., 2001; Gray and Bingaman, 1996; Nemeroff, 1996) . These defensive actions are partially orchestrated via CRH type 1 (CRH-1) receptors that are widely expressed in threattransducing (i.e. fear) pathways and in systems that activate counter-regulatory activity (e.g. autonomic nervous system; Bale and Vale, 2004) . Importantly, extra-hypothalamic CRH is produced largely by CRH-producing neurons in the central nucleus of the amygdala (Rosen and Schulkin, 1998) . There is substantial evidence that the central nucleus of the amygdala (CeA) and bed nucleus of the stria terminalis (BNST) are key regions in organizing fear and defensive responses to psychological stressors LeDoux and Phelps, 2000) . We refer to this as the ''threat system'' and further define it as a rapid appraisalresponse system due to its capacity to orchestrate rapid reactions with little cortical processing (LeDoux and Phelps, 2000) . The amygdala/extended amygdala system functions to modulate cognition, behavior, and endocrine/autonomic activity through extensive afferent and efferent connections with cortical and subcortical structures (Adolphs, 2003) . The amygdala is also a target of GCs. Chronic or frequent elevations in GCs are involved in remodeling of the dendritic arborization of the amygdala (Vyas et al., 2002) and in the up-regulation of CRH activity in the central nucleus (Makino et al., 1994) , potentially increasing reactivity of the threat response system. In contrast, chronic or frequent elevations of GCs have a restraining or down-regulating impact on CRH-producing cells in the hypothalamus, potentially maintaining normal to low GCs in response to chronic stress even in the face of lower thresholds for activating defensive behavior (i.e. fight/flight/ freeze).
Stress-and threat-response systems: relations with PFC development
The rapid threat appraisal-response system has bi-directional connections with regions of the prefrontal cortex (PFC) and anterior cingulate cortex (ACC; Adolphs, 2003) . There is increasing evidence that development and individual differences on cognitive tasks involving dorsolateral-ACC pathways are negatively correlated with measures of negative emotionality (Posner et al., 2001; Rueda et al., 2004) . With regard to threat-system modulation, there is evidence that the amygdala is modulated by the PFC, particularly pathways involving the orbital/medial PFC although this is a rapidly evolving area of study (see Davidson, 2004; Gemar et al., 2007) . The orbital/medial PFC is also rich with glucocorticoid and CRH-1 receptors. In mature organisms, this region is involved in control of the HPA system and in autonomic responses to psychological stressors (Sullivan and Gratton, 2002) .
There is also evidence that ELS impacts PFC development. Specifically, maternal separation in rats affects the development of the medial PFC by reducing glucocorticoid receptors, increasing synaptic density, and enlarging this region which is consistent with the stress vulnerability and emotionality observed in maternally separated non-human primates (Sanchez et al., 2001; Sullivan and Gratton, 2002) . Recently, the medial PFC has been implicated in the inoculation effect of previous control over stressful stimulation on later responses to stressors (Amat et al., 2006) . It has been argued that adverse early experiences may disrupt the development of medial and related regions in the PFC, thus increasing the risk of both helpless responses to stressors and attention-regulatory problems (Sullivan and Brake, 2003) . For example, low parental nurturance has been associated with both right-biased anterior EEG asymmetry and elevated glucocorticoid levels among human toddlers and preschoolers (Dawson and Ashman, 2000; Gunnar and Donzella, 2002; Hane and Fox, 2006) . In addition to parent and teacher reports that children who have experienced ELS demonstrate attention and self-regulation problems (Kreppner et Stevens et al., 2008) , both children in foster care and those adopted from institutions demonstrate difficulties on neuropsychological tasks that rely on prefrontal attention-regulatory circuits (Bruce et al., 2009b; Colvert et al., 2008; Pears and Fisher, 2005) . A recent study found that post-institutionalized children performed more poorly than non-institutionalized children on a visual attention task related to locating a target from an array of stimuli (Pollak et al., in press ). Similarly, isolate-reared monkeys were found to display deficits on executive tasks which correlated with reduced white matter tracts in the PFC and ACC (Sanchez et al., 1998) . Thus, it is likely that ELS and the processes that support recovery both influence development of PFC-limbic pathways associated with frontal EEG asymmetry and emerging executive attention capacities.
Development
The stress-and threat-response systems and their afferent and efferent pathways that extend into the PFC are immature in young mammals. There is substantial evidence that these developing systems are particularly plastic and open to modification by early life experiences (Levine, 1994; Meaney et al., 1996; Suomi, 1997) . Inadequate parental care shapes a more reactive stress-response system in infants of many species and might contribute to hypersensitivity of the developing threat appraisal system, thus increasing vulnerability to stressors throughout life. Conversely, impacts of early caregiving disruptions on the developing threat system, particularly on amygdalar CRH and CRH-receptor systems may result in a lower threshold for activation of the HPA axis. Hence, there are bi-directional and transactional arrows between the developing stress-and threat-response systems in Fig. 1 . The developmental anatomy and physiology of these systems is only beginning to be understood (Bachevalier, 1998; Vazquez, 1998) . The maturity of these systems relative to parturition also differs markedly among species. In general, however, as shown in Fig. 1 , the developing stress-and threat-response systems develop earlier than systems involved in behavioral and emotional regulation. There is also only emerging data on the impact that disruptions in each of these systems have on one another. For example, there is some evidence from work with Rhesus monkeys that lesions to amygdalar, hippocampal, or orbital frontal regions altered behavioral responses to social threat; however, the effect on HPA axis functioning requires further study Bachevalier, 2006, 2008) . Regardless, it is clear that damage to these stress-defense systems early in life has profound effects on socioemotional development (e.g. decreased social interaction; Bachevalier, 1998; Malkova et al., 1997) .
Caregiving
Rodent early experience studies demonstrate how early parental care profoundly influences brain development, regulates gene expression, and shapes the neural systems involved in reactivity and regulation of the HPA system to subsequent stressors (Levine, 2005) . In the rat, the L-HPA system is relatively hyporesponsive to stressors during the first few weeks of life (stress hyporesponsive period [SHRP]; Brunson et al., 2001) . Specific maternal stimuli of licking/grooming and nursing maintain this SHRP. While brief separations from these maternal stimuli result in a more adaptive animal, perhaps due to the subsequent increases in licking and grooming upon return, removing these stimuli for longer periods of time produces HPA axis hyperreactivity (Levine, 2005) . These stimuli also regulate CRH activity in extra-hypothalamic sites (Brunson et al., 2001) . Critically, parental care not only buffers the pup from many stressors and regulates basal activity of the axis, but also influences the development of the stress-and threat-response systems. Inadequate or disorganized parental care influences stress-system hyperreactivity to stressors that might persist throughout life and influences hyperdefensive behavior. These parenting effects are produced, at least in part, through epigenetic processes (i.e. methylation of the glucocorticoids receptor gene in negative feedback pathways of the L-HPA system; Meaney and Szyf, 2005) . In addition, there is increasing evidence that CRH, in synergy with GCs, mediates some of these parenting effects (Brunson et al., 2001) . Early adverse parental care also increases CRH-1 receptor expression in limbic and cortical regions, thus increasing sensitivity to the fear-/stressorganizing effects of CRH over time (Sanchez et al., 2001 ). In Fig. 1 , we have depicted the importance of caregiving, with the close spacing of the arrows from the caregiving box indicating the high dependence of infant mammals on parental support and the decreasing, but still evident, dependence on such support with development.
One of the challenges of translating the rodent models to human (and non-human primate) development is to identify the pattern of parenting that might serve a function similar to ''licking and grooming.'' While this might be physical contact, including ''massage,'' in our model we have chosen to emphasize caregiver sensitivity and responsiveness to the infant's signals. The reason for this adjustment is that the human data indicate that attachment security is a critical ''buffer'' of HPA axis reactivity in infants and young children Suomi, 1997) , and secure attachment emerges out of a history of sensitive and responsive caregiver-infant relationships (Susman-Stillman et al., 1996) .
There is increasing evidence that ''sensitive and responsive care'' is the critical dimension of care in ELS models. Multiple studies have demonstrated that it is difficult to elevate cortisol in young children when a parent with whom they have a secure attachment relationship is present. In contrast, infants in insecure relationships appear to have difficulty using their parent's presence to prevent cortisol increases to emotionally distressing events (Ahnert et al., 2004; Nachmias et al., 1996; Spangler and Schieche, 1998) . Notably, infants with disordered/disorganized (i.e. atypical) attachment relationships are both most at risk for behavioral and emotional problems (Van Ijzendoorn et al., 1999) , and are most likely to exhibit more prolonged cortisol elevations to threat (Hertsgaard et al., 1995; Spangler, 1997 , but see also Spangler and Grossmann, 1999) . Parental sensitivity and responsiveness reduces the probability of disorganized/disordered attachment in high risk infants (Bakermans-Kranenburg et al., 2003; Lyons-Ruth et al., 1987) , and months later predicts the capacity of the parent's presence to buffer toddler cortisol responses to a pain stimulus . Similar to the human findings, in studies with monkeys, the presence of the mother buffers elevations of cortisol to threat, even in the absence of physical contact (Wiener et al., 1990) . Disturbing the attachment relationship in Rhesus can produce long-term changes in ACTH and GC activity and in cerebral spinal fluid concentrations of CRH (Coplan et al., 1996) . The few studies with monkeys that have examined naturally occurring variations in parental care and GC responses to stressful stimulation implicate variations in maternal responsiveness as critical in determining whether the presence of the mother is capable of buffering the infant's HPA responses to stressors. Following a 2 week separation, for example, Rhesus infants whose mothers had been nonresponsive (rejecting) of the infants' bids prior to the separation exhibited elevations in cortisol to reunion, while for those whose mothers were responsive to their signals, reunion produced a marked decrease in cortisol levels (Gunnar et al., 1981) . Additionally, as noted earlier, CSF serotonin metabolites in maltreated and control Rhesus infants varied with how much the mother rejected their bids for attention, not with the amount of abuse the infants experienced (Maestripieri et al., 2006a,b) . There is also evidence that contact with the mother fails to buffer cortisol increases to capture and handling in rejecting/maltreating Rhesus dyads (personal communication, Kai McCormack, 4/20/2009 ), a finding highly comparable to evidence that the presence of the parent in insecure attachment relationships fails to buffer cortisol increases to fear-eliciting events . Although we cannot assume that the maltreating Rhesus dyads have insecure attachment, preliminary findings suggest this may be the case. Using an adaption of the Attachment Q-sort designed for the study of human children for use with maltreating Rhesus dyads, McCormack et al. (2007) found that infants of abusive Rhesus mothers scored lower on attachment security than did offspring of non-abusive Rhesus mothers.
Genetic processes
Termed multifinality in developmental psychopathology, similar adverse experiences produce a variety of outcomes; for example, while some individuals develop anxiety and depression, others develop conduct problems, and many exhibit comorbidity (Cicchetti and Rogosch, 1996) . Numerous factors likely contribute to these individual differences, including one potential source of variation: genetics. While we recognize that evocative effects of genes might contribute to child behaviors that elicit more adverse parent behavior (O'Connor et al., 1998) , more relevant to this discussion is exploration of the moderating effects of several candidate genes on the impact of ELS. Of particular relevance is the increasing evidence that the serotonin system plays a critical role. Individuals who are either heterozygous or homozygous for the short form of the 5 0 promoter region polymorphism (SLC6A4) in the serotonin transporter (SERT) gene might be particularly vulnerable to ELS/early maltreatment. In humans, the short SERT allele is associated with increased risk of early onset depression in response to maltreatment in childhood (Caspi et al., 2003) thus demonstrating a gene by ELS interaction. In Rhesus monkeys, Bennett et al. (2002) showed that animals carrying one ''short'' SERT gene were more sensitive to adverse early care. There are numerous interactions between serotonin and GCs during development (Lopez et al., 1998; Mitchell et al., 1992) . Furthermore, there is evidence that disturbances to the serotonin system produced by early parental deprivation in the rat may be mediated by activity of the L-HPA system (Vazquez et al., 2002) . Studies of the interaction of polymorphisms in genes regulating the serotonin system and stressors affecting the L-HPA system during development are needed in both animal models and studies of human development.
The mesocortical dopamine system plays a critical role in the development and functioning of frontal systems involved in attention and emotion regulation (Berridge and Robinson, 1998; Diamond, 1998) . Adverse early caregiving disturbs the development of the dopamine system in the nucleus accumbens (Hall et al., 1998) , and the effects of stressful stimulation on this system are enhanced in the presence of elevated GCs (Piazza and LeMoal, 1996) . Though, there is a highly coupled dopaminergic circuit, the mesocorticolimbic system, of which the nucleus accumbens is only one part (Pierce and Kalivas, 1997) . The prefrontal cortex essentially puts the brakes on dopamine secretion in the nucleus accumbens. However, although acute stressors stimulate neurons in the ventral tegmental area to secrete dopamine in both the nucleus accumbens and the prefrontal cortex, repeated stressors facilitate dopamine secretion in the nucleus accumbens, but inhibit it in the prefrontal cortex Kalivas, 1991, 1993) . It is quite possible that the stimulatory effect of the GCs on dopamine secretion in the nucleus accumbens is an indirect consequence of their actions on amygdalar function and the strong input from the extended amygdala to the nucleus accumbens (Swanson, 2000) .
Several studies now indicate that inefficient activity of genes regulating mesocortical dopamine confer heightened risk of poor outcomes in animals and humans exposed to ELS. For example, polymorphisms in genes in the dopamine receptor family (e.g. DRD4), increase the risk of attention problems (Schmidt et al., 2001 ) and disordered patterns of relationship functioning in children (Lakatos et al., 2000 (Lakatos et al., , 2002 . Similar to the studies involving serotonin, however, gene by ELS interactions have been noted. For example, the 7-repeat DRD4 polymorphism is associated with disorganized attachment behavior only when infants are reared by mothers who suffer from unresolved trauma and loss (Van Ijzendoorn and Bakermans-Kranenburg, 2006) . Given evidence that the DRD4 polymorphism impacts mesocortical dopamine activity, further research is called for to examine whether DRD4 interacts with ELS to impact development of attention-and emotion-regulatory systems. In fact, given the rapidly evolving nature of the field of molecular behavioral genetics, consideration of the moderating effects of genes beyond SERT and DRD4 are warranted.
Sex differences
Sex differences are frequently noted in the animal models of early neglect/deprivation (see for review, Gunnar and Vazquez, 2006) . Unfortunately, whether the differences favor males or females is not consistent. Sex differences in cortisol responses to stressors are also reported for adults (Kirschbaum et al., 1999; Stroud et al., 2002) ; but these differences may emerge with puberty (Gunnar and Vazquez, 2006) . Regarding the rapid threatresponse system, evidence for significant sex differences is remarkably rare, despite clinical evidence that females may be more at risk for anxiety-and trauma-induced anxiety disorders than males (Breslau et al., 1997; Jorm, 1987; Renard et al., 2005) . In studies of the impact of ELS on fear-potentiated startle in rodents and non-human primates, few sex differences are reported, despite significant increases in startle as a function of ELS (De Jongh et al., 2005; Sanchez et al., 2005) . Regarding measures of PFC systems, there is some evidence from adult studies of frontal EEG asymmetry that when participants are asked to generate an emotion state, females show a right-frontal EEG bias while males do not; however, these effects may be fairly task specific (Davidson et al., 1976) . Under resting conditions, on the other hand, sex differences are not typically found for adults (Davidson et al., 1976; Sutton and Davidson, 2000) or infants and young children (Buss et al., 2003; Fox et al., 1995) . Given this inconsistent pattern of findings, possible sex/gender effects are worth considering; it is likely that ELS effects on boys versus girls are moderated by numerous factors, not all of which are understood.
Model in action
Many of the studies described as supporting evidence for each of the components of the ELS model present examples of the feasibility of this model for translational ELS research. By drawing connections across each of the sections, one can start to see the utility of using this model to enhance our understanding of the how early caregiving experiences impact the neuroendocrine and neurobiological processes that contribute to the development of emotion-and attention-regulatory systems. For example, Gunnar et al. (1996) previously demonstrated that toddlers of parents rated as low in sensitivity when the children were infants (i.e. 2-6-months-old) exhibited larger cortisol stress responses (Fig. 2, Panel  A) . Compared to the children of normal to high responsive parents, those of low responsive parents (bottom 25%) continued to produce elevations in cortisol at 18 months. Hane and Fox (2006) extended these findings to include measures of frontal EEG asymmetry. Right-frontal EEG asymmetry is associated with withdrawal emotions (e.g. fear, sadness), and Davidson (2004) argues that it reflects constant vigilance to threat. As shown in Fig. 2 , Panel B, Hane and Fox found that low responsive mothers had 9-month-old infants who exhibited more right (negative numbers) frontal EEG asymmetry, whereas the infants of high responsive mothers exhibited a left frontal EEG pattern. Notably, Hane and Fox found that infants with low responsive mothers were also more inhibited (fearful). Taken together, these studies demonstrate how caregiving in the form of low-responsiveness influences the stress-response (e.g. cortisol), threat-response (behaviorally inhibited), and frontal-regulatory systems (EEG asymmetry) throughout development.
Another goal of this ELS model is to bridge connections across the human and animal conditions of ELS. While each of the differing examples of ELS undoubtedly has a unique neurobiological signature, there are commonalities across findings. For example, both young children in foster care and those living in institutional settings exhibit disturbances in the diurnal cortisol rhythm (see review, Gunnar and Fisher, 2006) which is similar to findings obtained on abused Rhesus infants (Sanchez et al., 2005) . Like Rhesus infants reared under conditions of maternal deprivation (Sanchez et al., 1998) , both young children in foster care and post-institutionalized children exhibit problems on tasks dependent on development of prefrontal attention-regulatory circuits (Bruce et al., 2009b; Colvert et al., 2008; Pears and Fisher, 2005) And, as in children in foster care and children adopted from institutions (O'Connor et al., 1999; O'Connor and Rutter, 2000; Stovall and Dozier, 2000) , Rhesus infants exposed to maternal maltreatment exhibit patterns of insecure attachment and a failure of maternal contact to buffer elevations in cortisol to stressful events (personal communication, Kai McCormack, 4/20/2009; McCormack et al., 2007) . Although one must be careful about direct translation across species and specific ELS conditions, these commonalities support the idea of utilizing other models to inform further hypotheses and support research findings.
Implications and future directions
Despite the prevalence of conditions of ELS and knowledge of the resultant behavioral difficulties, because researchers are just starting to better understand the impact of deprived conditions on development, there are relatively few studies of interventions. The cohesive neurobehavioral model presented here has large implications for consideration of intervention efforts. For example, intervention could target aspects of parenting in order to have a direct effect on the caregiving portion of this model, which may then influence the other model components. In randomized clinical trials, Fisher et al. (2000) have shown that supporting foster parents' ability to provide consistent, non-hostile, supportive care improves the behavioral functioning of preschoolers. Further study of these interventions provides evidence that enhancing the quality of care by foster parents might also help normalize basal L-HPA axis activity. Fisher et al. (2007) examined changes in the HPA activity for preschoolers with low morning cortisol levels and small decreases in daytime diurnal cortisol. Following a 6-month period, preschoolers receiving the foster care intervention demonstrated increases in morning cortisol levels, resulting in a more typical decrease in cortisol over the day. This did not occur for those in the regular foster care condition (Fisher et al., 2007) . What remains unclear, however, is how these impacts are mediated and exactly what type of parenting behavior is best. Because children experiencing early adverse care often confront their caregivers with disordered attachment behaviors and disruptive behavior problems, these children may need parenting that ''gently challenges'' them by providing the nurturance the child needs but does not demand (Dozier, 2003) . However, intervention efforts can occur within any of the model components and perhaps may need to occur at multiple levels (i.e. level of behavioral problems and level of caregiving) in order to be most effective. It is possible that behavior problems may need to be brought under control before warm and supportive parent-child relationships can develop. The foster care intervention program, for example, provides evidence that focusing on training parents to manage behavior problems in a non-hostile, consistent, and effective manner also increases secure attachment behavior for preschooler . It is conceivable that different aspects of threat-and stress-response system activity are responsive to different facets of parental care in children exposed to ELS conditions early in life. Clearly, further study conducted within the context of the presented ELS model is needed in order to finely analyze how parental care is associated with activity of stress-and threat-response systems at different points in development. This information should allow us to develop interventions that better target aspects of neurobehavioral development that increase risk of psychopathology. Fig. 2 . Relation between low and high maternal responsivity and reactivity of stress and emotion sensitive systems. Panel A: cortisol responses to inoculations at 18 months in children whose mothers were low or normal to high responsive during the first 6 months of the infants lives. Adapted from Gunnar et al. (1996) . Panel B: EEG asymmetry in infants of low versus high responsive mothers. Note that negative EEG asymmetry scores indicate right-biased activity associated with increased withdrawal affects, including depression. Adapted from Hane and Fox (2006) .
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